Abstract: Molecular dynamics in selected novel linear/low-branched polyurethanes (PUs), based on oligo(oxytetramethylene glycol), 4,4'-diphenylmethanediisocyanate (MDI) or 2,6-toluenediisocyanate (TDI), and unsymmetrical dimethylhydrazine (I) and a derivative of that (II) as chain extenders (CE), were studied by dielectric techniques. Special attention was paid to the investigation of the α relaxation, associated to the glass transition, by dielectric relaxation spectroscopy (DRS) and thermally stimulated depolarization currents (TSDC). The TSDC method was used to study the interfacial Maxwell-Wagner-Sillars (MWS) relaxation, related to the accumulation of charges at the interfaces between soft-segment and hardsegment microdomains. The results obtained by DRS and TSDC were in good agreement with each other and in reasonable agreement with results for the microphase separation (MS) obtained by small-angle X-ray scattering and differential scanning calorimetry. TSDC proved to be an attractive complementary technique to DRS for the study of MS in PUs. The results suggest that the position of the MWS band, as well as its separation from the α band, is a good measure of the degree of MS. As regards the PUs studied here, the degree of MS enhances by increasing the mole ratio of CE, and by replacing MDI by TDI or CE I by CE II.
Introduction
Polyurethanes (PUs) are characterized by a two-phase microstructure, consisting of hard-segment (HS) microdomains dispersed in a soft-segment (SS) phase [1] [2] [3] . It is this microstructure that is responsible for most of the extraordinary properties of PUs utilized in many applications. The glassy or semicrystalline HS domains act as physical crosslinks and reinforcing fillers, while the SS phase is responsible for the flexibility of these elastomers. However, the microphase separation (MS), arising from the thermodynamical incompatibility of HS and SS, is not complete, even at complete incompatibility of the segments, due to covalent bonds between them [4] . Several factors affect the degree of microphase separation (DMS), such as the polarity and length of the segments, the crystallinity of each segment, and the overall composition and flexibility of the high-segment microdomains [3] . According to Koberstein and co-workers [5] , a critical HS length is required for microphase separation, whereas DMS generally improves with an increase in the HS content. Chu et al. [2] pointed to the significance of the kinetic factor, besides the thermodynamic one, for the phase structure formation.
Several experimental techniques were employed to study microphase separation and, in general, to investigate the relationships between composition, processing, structure/morphology and final properties of PUs. A true understanding of these relationships, also known as structure-property relationships, is essential for optimizing composition and processing to prepare materials with predicted properties [6] [7] [8] . The importance of MS for controlling PU properties has been a strong motivation for developing methods to calculate the microphase composition and to characterize the DMS. Koberstein and Leung [9] proposed for that a method based upon a combined analysis of differential scanning calorimetry (DSC) and small-angle X-ray scattering (SAXS) measurements.
Dielectric techniques have been widely employed to investigate molecular dynamics in PUs over wide ranges of frequency and temperature. In particular, the primary (segmental) α relaxation associated to the glass transition of the amorphous SS phase has been studied in detail and the results have been interpreted in terms of microphase structure [10] [11] [12] [13] [14] [15] . Next to the classical dielectric relaxation spectroscopy, which typically consists in measuring the complex dielectric permittivity ε* = ε' -i ε'' in a wide frequency range at constant temperature, thermally stimulated depolarization currents (TSDC) techniques have also been used [11] [12] [13] . The TSDC method consists in measuring the thermally activated release of stored dielectric polarization and the TSDC thermogram corresponds to a plot of dielectric loss ε'' against temperature at a constant low frequency in the range 10 -2 -10 -4 Hz [16, 17] . Some features of the TSDC method make it particularly attractive as a complementary technique to DRS: the method is fast allowing for a quick characterization of the overall dielectric response of the material under investigation, it is characterized by high sensitivity and high peak resolving power and it offers special techniques to experimentally analyze complex relaxation mechanisms into approximately single responses [16] [17] [18] . The relationships between TSDC and DRS have been studied by several investigators [17] [18] [19] [20] [21] [22] [23] [24] . However, there are still some controversial points with respect to quantitative comparisons, e.g., of activation parameters of secondary relaxations [25] [26] [27] .
For the experimental analysis of a complex TSDC peak into approximately single responses the thermal sampling (TS) technique is used. This technique consists of 'sampling' the relaxation processes within a narrow temperature range by polarizing at a temperature T p and depolarizing at T d , a few degrees lower than T p , and by spanning the entire temperature range of the global TSDC peak with a series of TS measurements [16] [17] [18] [19] [20] [21] [23] [24] [25] [26] . While this thermal cycling is not expected to have any influence on the form of the distribution in the case of secondary, local relaxations (parallel elementary processes) [20, 26] , this may not be the case for the cooperative α relaxation associated to the glass transition [19] [20] [21] 23] . Moreover, the results of TS measurements in polymers in the region of the glass transition have often been analyzed in terms of the so-called compensation law, i.e., a correlation between the activation parameters of the individual TS responses [23, 28] . The physical meaning of this law is not yet clear, even controversial [29] , and it has also been argued that the law is simply the result of mathematical manipulation [30] [31] [32] .
PUs are often prepared by a two-step process: formation of prepolymer (PP) with reactive NCO groups by the reaction of a low-molecular-weight polyether or polyester with an aromatic or aliphatic diisocyanate (DIC) at the first stage, which is extended with a low-molecular-weight diol or diamine (chain extender, CE) at the second stage [2, 3, 8, 13] . The ratio PP:CE is very often chosen close to the stoichiometric 1:1, as it has been anticipated that no linear PUs are formed when the mole fraction of CE is significantly reduced [33] .
We started recently, within a research program, the preparation of PUs, using 1,1-dimethylhydrazine and its derivatives as CE, for biotechnological and biomedical applications. The ratio PP:CE is varied from 1:1 to 10:1 and the results suggest that linear and branched PUs are formed. Preparation conditions are also systematically varied. Infrared (IR) spectroscopy is employed for the investigation of the chemical structure, SAXS is used for morphological characterization, DSC is employed to study thermal transitions, and dielectric techniques are used to investigate the molecular dynamics of the PUs. In this first paper we report results obtained by dielectric techniques (DRS and TSDC) on four selected compositions listed in Tab. 1. They are representative for the various series of PUs prepared, in the sense that the type of both, the diisocyanate and the chain extender, as well as the PP:CE ratio, is varied. The type of the polyether and the preparation conditions were kept fixed for all samples studied here. In the following second paper of this series the type of polyether, diisocyanate and chain extender were kept fixed and the ratio PP:CE was systematically varied from 1:1 to 10:1 [34] .
The present first paper primarily concentrates on the information on the microphase structure that may be obtained by the combination of detailed DRS and TSDC studies. The results obtained by the two techniques are critically discussed and compared with each other and the complementary aspect of the two techniques is stressed. The results are also discussed in relation to those obtained by SAXS and to some extent by DSC, in an attempt to contribute to establishing the DRS-TSDC combination as a powerful tool for the morphological characterization of PUs.
Experimental part
Polyurethanes were prepared in a two-step process from oligo(oxytetramethylene glycol) (OE) of molecular weight 1000 (HO-[(CH 2 ) 4 O] n -H), 4,4'-diphenylmethanediisocyanate (MDI, OCNC 6 H 4 -CH 2 -C 6 H 4 NCO) or 2,6-toluenediisocyanate (TDI, OCN-C 6 H 3 (CH 3 )-NCO) and one of the two chain extenders (CE), I or II, of the following chemical structure
The first stage of the preparation process, formation of the prepolymer (PP), was carried out in the melt, whereas in the second stage, PU formation, N,N'-dimethylformamide was used as solvent. PU films of a thickness of 0.3 -0.5 mm were prepared by solution casting onto a Teflon substrate and evaporation of the solvent to constant weight at 60°C. Further details on the preparation of the samples will be given elsewhere. Two types of structure are formed: linear polymers
and low-branched (comb-like) polymers:
In Tab. 1 we present data related to the composition and the density of the PUs studied.
Tab. For DRS measurements disk-like specimens of 20 mm diameter were sandwiched between gold-coated brass electrodes, and the complex dielectric permittivity, ε* = ε' -i ε'', was determined as a function of frequency (10 -2 -10 6 Hz) in the temperature range from 120 to 300 K (controlled to better than ± 0.1 K). A Schlumberger frequency Response Analyzer (FRA SI 1260) supplemented by a buffer amplifier of variable gain (Chelsea Dielectric Interface) and the Hewlett-Packard 4284A precision LCR meter were used in combination with the Novocontrol Quatro Cryosystem.
A typical TSDC experiment [35] consists of the polarization of the dielectric material at a sufficiently high temperature T p (polarization temperature) by applying an electric field E p (polarizing field) for time t p (isothermal polarization time). In the next step, the temperature of the sample is lowered, with a controlled rate and with the electric field applied, to T 0 << T p , at which the non-equilibrium state of the system is 'frozen-in'. Finally, the sample is heated, at a constant rate b, while it is short-circuited through an ammeter and the rate of depolarization (i.e., the current I D (T)) is recorded as a function of temperature. The asymmetrical glow curve recorded during the TSDC experiment, is described by
where P 0 is the saturation polarization of the specific relaxation mode, S the crosssectional area of the sample and k the Boltzmann constant. In accordance with the particular chemical, structural and morphological characteristics of each material, the current peaks are assigned to orientational, space charge or interfacial polarizationrelaxation phenomena. The study of a single current peak, i.e., due to the uncorrelated relaxation of non-interacting dipoles, leads to the determination of the activation energy (E) and the pre-exponential factor ( o τ ) using the Arrhenius equation for the
Broad TSDC bands can be decomposed, at least theoretically, into an infinite number of elementary peaks. Consequently, broad distributions of simple exponential (Debye-type) relaxation processes, due to the distribution of the relaxation parameters ( , E) have to be considered [36] . For glassy polymers, this point of view is supported by the lack of order and the existence of different conformations of the macromolecules, together with the anisotropic degree of interactions between the relaxing units.
The TSDC scans on samples of typical dimensions 5×5×1 mm covered the temperature range 10 -320 K and were performed in a vacuum of 10 -3 to 10 -6 Torr. The apparatus used in the present study has been described in detail elsewhere [32] . Typical TSDC experimental conditions were as follows:
V/m, t p = 10 min, T 0 = 10 K and b = 5 K/min. Results to be reported elsewhere give for the glass transition temperature T g of this sample, determined by DSC, 217 K. At low temperatures a broad secondary relaxation is observed as a step in ε'(f) and a peak in ε''(f) (centred at about 10 4 Hz at 173 K). In agreement with previous reports on PUs [11, 13] , this signal is attributed to the γ relaxation, related to the local motion of (CH 2 ) n sequences with attached dipolar groups [37] . The broadening of the response at the low-frequency side of the spectrum is due to the presence of the slower β relaxation, assigned to the local motion of associations of carbonyl groups and water molecules, as indicated by DRS measurements on samples at various water contents (not presented here), in agreement with the results of TSDC measurements on similar hydrated PUs [37] . The strong loss peak at T > T g , which shifts significantly with temperature, is due to the α relaxation associated to the glass transition, in agreement with previous studies [11, 13, 37] , the DSC result for T g and the results of the analysis to be reported in the following section. Fig. 2 shows the reduced TSDC thermograms for the four samples under study. In addition to the γ relaxation at about 120 K and the α relaxation at about 220 K, a peak is observed at T > T α , where T α is the peak temperature of the α relaxation. In previous works this peak has been associated with interfacial Maxwell-Wagner-Sillars (MWS) polarization, i.e., mesoscopic transport of charge carriers and trapping at interfaces arising from the microphase-separated structure of PUs [11, 13, 37] . Thus, analysis of the characteristics of this peak may provide information on the morphology. It is interesting to note that there is no clear counterpart of that peak in DRS. The DRS counterpart of a TSDC thermogram of the type of Fig. 2 is shown in Fig. 3 for sample PU2: ε'' against temperature at a constant frequency of 100 Hz. The data have been recorded isothermally ( Fig. 1 ) and re-plotted here to allow comparison with the corresponding TSDC thermogram. The frequency chosen here (100 Hz) is higher than the equivalent frequency of the TSDC measurements [17] , so the peaks are shifted to higher temperatures with respect to TSDC. Again, no peak corresponding to the TSDC MWS peak is observed, which is interesting with respect to complementarity. With respect to that point, we should note that often in DRS measurements on polymers the α relaxation is masked by conductivity signals, contrary to the TSDC measurements where the polarization and depolarization steps are separated from each other. 
Overall dielectric behaviour of PUs

The α relaxation and the TSDC MWS peak
In the following analysis our interest is focused on the temperature region of the glass transition, i.e., on the α relaxation and the TSDC MWS peak, as these are related to morphological characteristics. Fig. 4 shows the DRS α loss peak measured on sample PU1 at several temperatures. The Havriliak-Negami (HN) expression [38] ε*(ω) =
was fitted to the experimental data at each temperature and the fitting parameters ∆ε, , α and β were determined. In this equation ω is the angular frequency, ω = 2πf, ' τ ' τ = 1/(2πf 0 ) with f 0 being a characteristic frequency close to and related with the frequency of maximum loss [39] , ε ∞ is ε'(f) for f >> f 0 , ∆ε is the relaxation strength and α and β are the shape parameters. When necessary, a second term was added to Eq. (3) to account for conductivity [40] . Thus, from the analysis of the loss peaks by Eq. (3) information is obtained on the time scale (f 0 ), the magnitude (∆ε) and the shape (α, β) of the response. The latter is preferably quantified in terms of the Kohlrausch-Williams-Watts parameter β KWW obtained by the approximate equation [41] β KWW = w .14 1 (4) where w is the full width at half maximum and 1.14 that of a single Debye peak. ∆ε and β KWW change with temperature. In Tab. 2 we list the corresponding values at a temperature T g + 37 K, so that results obtained for different samples can be compared with each other.
The information obtained from each TSDC peak is quantified in terms of the peak temperature, corresponding to the time scale of the response in DRS experiments, the full width at half maximum (FHW) as a measure of the shape of the response, and the dielectric strength ∆ε calculated from the measured depolarization charge 7 [27] . These values are listed in Tab. 3 for the α and the MWS peak. Tab. 3 includes also the difference ∆Τ = T MWS -T α . Please note that the magnitude and the shape of the response change with temperature and this point should be considered in the comparison. Results to be reported elsewhere show that for the DRS α peak ∆ε increases slightly with decreasing temperature and the peak becomes broader. The time scale of the DRS α response was further studied by means of Arrhenius plots. As an example, Fig. 5 shows the Arrhenius plot (log f max vs. reciprocal temperature, where f max is the frequency of maximum dielectric loss) for two samples, PU1 and PU4. The data were fitted to the Vogel-Tammann-Fulcher (VTF) equation [40] 
which is characteristic of cooperative α transitions. A, B and T 0 (Vogel temperature) are empirical temperature-independent parameters. The quality of the fits is good and reasonable values (not shown here) were obtained for A, B and T 0 for the four samples under investigation. Included in the plot are also the TSDC T α temperatures at the equivalent frequency [17] of 1.6 mHz (corresponding to τ = 100 s), and for sample PU1 T g = 226 K, which was available from DSC measurements, at the equivalent frequency of 10 mHz often used for DSC measurements, in reasonable agreement with the DRS data. The VTF plots were extended to lower frequencies and the dielectric glass transition temperature T g,diel , defined by the convention (T τ g,diel ) = 100 s [13, 40] , has been determined (see Tab. 2). We shall discuss now the results in Tabs. 2 and 3 with respect to the complementarity of the two techniques and the information that can be extracted by the combined DRS/TSDC analysis with respect to the morphology of the PUs under investigation. To facilitate discussion of the latter point, we have included in Tab. 2 information on the morphology provided by SAXS measurements, which will be discussed in detail elsewhere: the segregation level α seg , which is the overall degree of microphase separation (DMS), defined as the ratio of two invariants calculated following the method of Bonart [42] . The first invariant includes the effects of interfacial mixing and the second corrects for the presence of diffuse microphase boundaries [9] . α seg is unity for an ideally separated material and zero for complete mixing. Based on the SAXS data (Tab. 2) the DMS increases by reducing the mole ratio of CE, by replacing MDI by TDI and by replacing CE I by CE II, the latter effect being more significant.
The TSDC and the DRS results (Tabs. 3 and 2, respectively) are in reasonable agreement with each other. T α and T g,diel , which are measures of the glass transition temperature, are in rather good agreement to each other. The values of T g determined by DSC for the samples PU1 and PU2, 226 and 217 K, respectively, are slightly but systematically smaller than the dielectric measures, showing, however, the same trend. A comparison of the ∆ε α values must consider the temperature dependence of the mechanism's contribution to the static dielectric permittivity of the dielectric material. The results of both techniques, however, clearly show that PU1 presents a much stronger dielectric response. The DRS and TSDC measures of the shape of the α peak cannot be directly compared with each other and the temperature dependence of β KWW should be again taken into account. They show similar trends for the first three PUs and disagree for the fourth one.
The most direct information, regarding to microphase separation, from the DRS/ TSDC data for the α relaxation comes from the measures they provide for T g . These show similar trends in the series of PUs studied, taken into account that the range of changes is rather limited. Both dielectric techniques give, in particular, highest values of T g for PU1 and lowest values for PU4, in very good agreement with the SAXS data, which show that PU1 presents the lowest and PU4 the highest DMS. It is interesting to note that the T g values determined by DSC for PU1 (226 K) and PU2 (217 K) show a similar trend. Thus, the dielectric techniques provide measures for T g , which reflect variation of DMS in good agreement with the SAXS and DSC studies.
Having established that the DRS and the TSDC α peaks reflect properties of the MS and provide information on DMS in consistency with each other and in good agreement with SAXS and DSC, we turn now our attention to the TSDC MWS peak. This peak arises, during the depolarization step, from detrapping of charges, which have been trapped in boundaries between soft and hard microdomains during the polarization step, i.e., it is strongly associated to the microphase morphology. Results previously reported fro PUs were not very conclusive with respect to the correlation between characteristics of the TSDC MWS peak and MS [43] . The results in Tabs. 2 and 3 show that there is good agreement between T MWS and ∆T = T MWS -T α on the one hand and α seg on the other, and suggest that T MWS and ∆T reflect properties of MS. Measurements on other PUs, as well as a quantitative model for the TSDC MWS peak in PUs, both in progress, will help to further clarify that point. Fig. 6a shows results obtained with PU4 by using the thermal sampling (TS) technique: approximately single TS responses were isolated in the region of the global TSDC α and MWS peaks. Fig. 6b shows the dependence of the peak temperature T max of the TS responses on the polarization temperature T p . A different behaviour is observed between the TS responses in the region of the α and of the MWS peaks. For the α peak there is a correlation between T max and T p , as indicated by the straight line with slope 1 included in the figure. The same variation has been observed also in liquid crystalline polymers, in addition to the systematic shift of T max to higher temperatures than T p [23] , as observed also here. This shift is probably due to a systematic difference between the real temperature of the sample and the measured one. The important point is that the shift between T max and T p is constant in the region of the α 10 peak, reflecting the fact that, while the α peak is dipolar, the MWS peak is related to mesoscopic motion of charge carriers. Fig. 7 . Analysis of the TS responses isolated in the region of the α and MWS peaks of PU4: (a) Activation energy E against T max and (b) logarithm of the pre-exponential factor τ 0 against activation energy E (the straight line is a fit to the data for T < T α )
Thermal sampling and compensation law
The activation energy E of the individual TS responses is shown in Fig. 7a for PU4 as a function of the peak temperature T max . The relaxation time τ (T) and the corresponding parameters (E, τ 0 ) were determined for each TS peak directly from the whole-curve graphical integration method (details in ref. [35] ). The high values observed for the α peak, in particular in its central region, and the shape of the E(T max ) dependence are characteristic of the α relaxation, in agreement with TS results in other polymers [19] [20] [21] 23] . A maximum is observed in E(T max ) in the region of the α peak at about 225 K, i.e., close to the T α of the global α peak, consonant with observations in other polymers [19] [20] [21] 23] . The dependence of the logarithm of the pre-exponential factor τ 0 , obtained by Eq. (2), on the activation energy E of the individual TS responses is shown in Fig. 7b . A straight line has been fitted to the data for T < T α , in agreement with previous work on other polymers [19] [20] [21] 23 ]. This dependency is the so-called compensation law. The compensation parameters T c and τ c , defined by the expression 
were obtained from the fit.
The glass transition temperature T g of the PU4 sample as determined by TSDC is 216 K (Tab. 3), while the DSC study gives a value of 217 K (Tab. 2). The compensation temperature T c , as obtained from Fig. 7b , is 235 K, which means that T c is greater than T g by 18 -19 K. A difference T c -T g in the range 5 -30 K has been found for several polymers [19] [20] [21] 23] and attempts were made to connect this difference to the stiffness of the polymeric chain. However, this point could not be confirmed by detailed comparisons of T c -T g and T g values in more recent studies [28] . Similar results to those reported here for PU4 were obtained also for PU2, where T c was determined to 240 K, i.e., T c -T g = 21 K (T g = 222 K by TSDC), 19 K (T g = 224 K by DRS) and 26 K (T g = 217 K by DSC). It would be interesting to determine T c -T g for more PUs and look for correlations with other properties. This work, which is still in progress, may shed more light on the compensation law, for which there are several puzzling results but no commonly accepted concept.
